D
espite the development of genomic research on common cardiovascular diseases, genetic variants and/or loci shown to be disease associated have been seldom applied to risk prediction in a clinical setting, although they could provide us with novel mechanistic insights into the pathophysiology and potential therapeutic targets. Here, we discuss the significance and limitations of the up-todate genomic studies on common diseases and propose what kind of genomic research should be prioritized in view of the realization of precision medicine.
Many disease-associated loci have been identified using a genome-wide association study (GWAS) in a large-scale casecontrol design (more than several thousand cases and controls). A GWAS is an analytical method for the identification of disease-associated tag (lead) SNPs, which are indicators of disease-associated loci (linkage disequilibrium blocks) with a genome-wide significance (P<5×10 −8 ). Consequently, further analysis is required to identify the specific variants functioning as the most associated and/or risk variants 1 within each disease-associated locus. Consistent with the genetic cause of monogenic diseases, novel biology on the risk genes and their regulatory pathways can be learned through detailed genetic and functional analysis after GWAS. Also, GWAS data on disease-associated pathways might be used in choosing drugs for treatment. 2 We have experienced several successful stories. Single-nucleotide polymorphisms (SNPs) in PCSK9, HMGCR, and NPC1L1 were shown to be associated with hypercholesterolemia in GWAS on blood lipids. 3 Although their effects shown in that GWAS were relatively weak (+2-3 mg/ dL change in plasma cholesterol values), potent compounds targeting these gene-encoded proteins have been established as lipid-lowering agents (anti-PCSK9 antibody, statin, and ezetimibe, respectively). In this way, GWAS data can provide the scientific community with information about novel biology, mechanical pathways, and potential pharmaceutical drugs.
Ideal Genomic Research Project to Overcome the Limitation of Current GWASs
Because current GWASs are usually performed with a casecontrol design, the results are difficult to apply directly to the prediction tool for prospective onset in the general population or future recurrence in patients. More importantly, most of the current GWASs were not originally designed to obtain genetic information useful for the stratification of individuals according to the severity, prognosis, and responsiveness to therapies but rather to clarify the genetic variants related to the presence of disease. Therefore, results from the current GWASs by themselves are only minimally applicable for individual predictions of clinical outcomes. What should we do from an idealistic viewpoint? At first, we should compile clinical questions that genetic testing can effectively answer and select the most attractive questions from among them. In particular, we should prioritize the clinical questions that cannot be answered only using the clinical or laboratory examinations available. Specifying the questions to be answered, we can set the subpopulations according to the clinical subphenotype of interest in the study population. The analysis on the variants related to the subphenotypes will provide us with the more detailed clinical information useful for the classification of patients and the individual prediction of their clinical outcomes. Within the patients with coronary artery disease (CAD), for example, we can set the subpopulations as follows: acute coronary syndrome (versus stable angina), early-onset, multiple atherosclerotic lesions, ischemia-induced cardiac remodeling or heart failure, and the patients susceptible to cardiometabolic risks (as described below). Such a variant associated with subphenotype within a disease phenotype could function as a second-hit, independently of the variant associated with the disease onset per se. It remains unknown whether its genetic impact might be smaller or larger as compared with that of disease-onset-associated variants.
Taken together, we should conduct large-scale prospective studies originally designed to compare the distributions of genetic variants among the subpopulations stratified according to subphenotype even in patients with similar clinical presentations because this should contribute to the realization of precision medicine. A large number of genomic samples should be obtained from a cohort study and disease registry, in which detailed clinical information is being prospectively collected. Additionally, to acquire the most useful findings, we have to bring together the essence of next-generation sequencing and multiomics from the genome, epigenome, transcriptome, proteome, and metabolome to the phenome. The huge volume of genomic data, clinical data, and the enormous complexity of their interplay should be effectively analyzed, integrated, and submitted into the public databases. This should be a mainstay for upcoming genomic research toward the realization of precision medicine (Figure) .
Identification of Risk Variants That Could Indicate Effective Clinical Action
As the first step toward the realization of precision medicine, for the present, we should prioritize the identification of risk variants, which could prompt clinical practitioners to take effective clinical action to the carrier of that particular variant (eg, preemptive intensive risk control, avoidance of medication).
With genomic analysis based on the hypothesis that several cardiometabolic traits related to cardiovascular risk factors might partly arise from a shared underlying genetic basis with CAD, 67 novel loci associated with CAD were identified. 4 Genetic variants ascertained as having an effect on cardiometabolic traits were shown to have correlated effects on risk of CAD. These genetic correlations show that these cardiometabolic traits (eg, low-density lipoprotein cholesterol and triglycerides) function as an established risk for the onset of CAD, as was shown in the previous Mendelian randomization studies. 5 From a different viewpoint, this study 4 successfully showed that the susceptibility to a cardiometabolic abnormality and resultant onset of CAD could be ascribed to genetic predispositions. In other words, genetic variants do not necessarily function as a risk for CAD independently of the conventional cardiometabolic risks. Further analysis in the subpopulations (eg, dyslipidemic patients with CAD versus those without CAD) is warranted to identify the genetic variants related to the susceptibility to CAD in the individuals with cardiometabolic abnormality. Such genetic variants will enable us to choose individuals susceptible to CAD, who should receive the preemptive intensive management of cardiometabolic abnormality in order not to have CAD.
Pharmacogenomics is also the clear choice for enhancing the near-term impact of precision medicine. The magnitude of the pharmacogenomic effects is typically larger than that of the individual variant effects on the disease. In the cardiovascular field, a vast amount of pharmacogenomics research on warfarin, clopidogrel, and statins has been conducted, and the genetic impact on drug efficacy has been clarified but remains controversial. Rather, we had better prioritize the identification of genetic variants related to the susceptibility to drug-induced side effects. For example, a common variant in SCLO1B1 was shown to be strongly associated with statin-induced myopathy. 6 Recently, a variant in the RARG (retinoic acid receptor gamma) gene was reported to be associated with the susceptibility to anthracyclin-induced cardiotoxicity. 7 Top2b, encoding topoisomerase IIβ, is necessary for the development of anthracyclin-induced cardiotoxicity. Top2b expression is basically repressed by RARG. The variant-type RARG cannot repress Top2b expression as effectively as wild-type RARG, leading to increased susceptibility to anthracyclin-induced cardiotoxicity. Basically, genetic tests identify the patients who would derive a differential net benefit from the drug therapy of interest. Nevertheless, at present, most clinical studies on drug therapy do not include pharmacogenomic data. Adding pharmacogenomic data to the variables for prespecification in the clinical studies, responders and nonresponders can be well prespecified, and consequently, the quality of clinical studies will be improved in that more accurate comparisons could be performed. 
Special Considerations for the Clinical Usefulness of Common Variants
The issues above shall not apply to all variants associated with common phenotype. Because of the inherent nature of common variants exerting small effect sizes (with odds ratio of <1.5), each variant explains only a small fraction of the variance in the clinical phenotype. Actually, skepticism that common variants might not be useful for the prediction of clinical phenotype has been argued. To overcome this concern and build up the excellent algorithm for risk prediction, the following 3 issues are required.
(1) A compendium of common variants has to be comprehensively clarified. All associated variants should be fully identified as soon as possible. (2) Rarer variants that have a greater functional consequence in an individual carrier than common ones should be also identified. Indeed, rare variants were shown to be associated with CAD. 9,10 (3) We have to elaborate a method for establishing a good algorithm for risk prediction. To date, a weighted genetic risk score has been constructed by summing the number of risk alleles for each SNP weighted by their estimated effect sizes in the discovery sample. As the relationship among SNPs can now be more profoundly understood using newly developing studies including phenome-wide association study 11 and mathematical modeling, hereafter, the method to choose and combine SNPs can be improved.
In a good contrast with the rarer variants or mutations causing monogenic disorder, common variants can explain a larger proportion of clinical variation at the population level because of their high frequency. Given that, genomic research focusing on the clinical application of genomic findings on common variants to risk prediction is essential for the realization of precision medicine.
Genome-Wide Functional Analysis Is Essential for the Clinical Use of Genomic Findings
Some CAD GWAS loci are associated with the known risk factors for CAD, 4 but the underlying pathophysiologies of the remaining ones are still unknown. Most variants with the lowest P values fall in noncoding intergenic regions, and basic research is required to clarify their functional consequences to the disease. Without knowledge of these functional consequences, the application of these disease-associated variants into precision medicine cannot be practically achieved. In other words, clarification of the functional mechanism linking genetic variants to diseases is a limiting step for their clinical use as a prediction tool.
Recently, genetic loci can be functionally annotated using genome-wide methods with reference to developing public databases, which helps prioritize loci with likely biological function. Regulatory annotations of common genetic variants using multiple ENCODE (Encyclopedia of DNA Elements) data sets (DNase hypersensitivity, histone ChIP-seq data, and transcription factor ChIP-seq data) can contribute to the identification of causal variants and the prediction of sequence-encoded regulation of gene expression. At GWAS-identified susceptible loci for type 2 diabetes mellitus, the variants driving association signals are enriched for overlap with the transcription factor FOXA2-binding sites assayed by ChIP-seq, and the MTNR1B variant located in the FOXA2-bound enhancer causes the higher expression of MTNR1B, leading to the susceptibility to type 2 diabetes mellitus. 12 In another report, a variant in the FTO region associated with obesity was found to disrupt ARID5B-mediated repression of the downstream target genes IRX3 and IRX5, followed by activation of pro-obesity pathways. Repair of the ARID5B motif by CRISPR-Cas9 editing of this predicted causal variant in primary adipocytes from a patient restored IRX3 and IRX5 repression, exerting a significant effect on obesity phenotypes. 13 Methylation analysis could also show the regulatory mechanisms underlying gene expression. Increased methylation at the HIF3A locus, which was inversely correlated with HIF3A gene expression in adipose tissue, was shown to be associated with increased body mass index. 14 CAD is a complex disease including multiple tissues/cells. The use of expression data from several tissues/cells involved in CAD could lead to an incorrect interpretation of the results from eQTL (expression quantitative trait loci) analysis. And, because of the inaccessibility of tissues/cells involved in CAD, the eQTL analysis on CAD is difficult to perform. Under such a situation, a recent study successfully demonstrated a link between an intronic SNP in PHACTR1, transcription factors myocyte enhancer factor-2 binding in vascular endothelial cells, PHACTR1 expression levels in coronary arteries, and CAD risk. 15 To clarify the functional consequences of common variants, comprehensive analysis should be performed using biological samples from biorepositories (biobanks) that assemble, store, and manage collections of human specimens and related data.
Conclusions
In parallel with the unbiased, hypothesis-free, comprehensive identification of common phenotype-associated variants, we should establish algorithms for risk prediction and perform functional analysis to effectively use the achievements of genomic research on common cardiovascular diseases for the realization of precision medicine.
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